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INTRODUCTION
Nephronophthisis (NPHP) is a tubulo-interstitial, autosomal recessive cystic kidney disease [1] [2] [3] . The name derives from the Greek and means 'vanishing of the kidney', which relates to the progressively smaller kidney size with advancing kidney disease [4, 5] . NPHP is characterized by polyuria, polydipsia, secondary enuresis and anaemia. Clinically, we distinguish three different forms of NPHP. Juvenile NPHP or NPHP type 1 is the most common form of NPHP, and is characterized by end-stage renal disease (ESRD) at a mean age of 13 years [6] . Symptoms in juvenile NPHP may occur as early as 6 years of age. Infantile NPHP or NPHP type 2 is very rare with onset of ESRD prior to 4 years of age [7] . Adolescent NPHP or NPHP type 3 has a mean age of onset of ESRD of 19 years [8] . In the early stages of chronic kidney disease (CKD), symptoms with NPHP are subtle. Later, severe anaemia, growth retardation and hypertension are seen as part of ESRD [9] . In the early stages of NPHP, renal ultrasound is normal or shows unspecific changes with increased renal echogenicity [10, 11] . With advancing kidney disease, smaller, hyperechogenic kidneys with cortico-medullary cysts and poor corticomedullary differentiation are described (Fig. 1) .
The histopathology in NPHP is not disease-specific and is characterized by tubulo-interstitial alterations such as tubular atrophy, thickening or thinning of the tubular membrane, interstitial fibrosis and inflammation [12] (Fig. 2) . In contrast to other forms of NPHP, infantile or type 2 NPHP has enlarged kidneys on renal ultrasound, and histopathology shows an overlap of features of NPHP (interstitial fibrosis, tubular atrophy) and polycystic kidney disease (widespread cyst development and enlarged kidneys) [7, 13] . The clinical presentation of NPHP is frequently unspecific and other kidney diseases (e.g. primary hyperoxaluria) were shown to result in similar phenotypes as NPHP [14 & ]. The diagnosis of NPHP is made either by renal biopsy or genetic testing [4] . NPHP is genetically heterogeneous. Since the discovery of the NPHP1
Ophthalmological phenotypes
The eyes are the most frequently affected extrarenal organ with NPHP with two different ophthalmological phenotypes [40] . The less common form of eye involvement is called oculomotor apraxia type Cogan [OMIM #257550], which is characterized by impaired horizontal gaze and nystagmus [41] . The more frequent form of eye involvement is named retinitis pigmentosa [40] . Early-onset retinitis pigmentosa resembles Leber's congenital amaurosis, whereas late-onset retinitis pigmentosa is characterized by progressive vision loss and night blindness [42,43 && ]. About 10-15% of NPHP patients have retinal degeneration. NPHP associated with retinitis pigmentosa is called Senior-Løken syndrome [OMIM #2669000].
Joubert syndrome
Features of Joubert syndrome [OMIM %213300] are developmental delay, neonatal breathing abnormalities, muscular hypotonia and ataxia [44 && ]. MRI
KEY POINTS
In 15-20% of NPHP patients, extrarenal symptoms are identified.
As NPHP is a ciliopathy, these extrarenal manifestations are called NPHP-related ciliopathies.
Many of the extrarenal symptoms may be due to shared expression of primary cilia in multiple tissues and different cell types (e.g. renal epithelial cells, ventral node, cholangiocytes and chondrocytes).
In contrast to motile cilia, primary cilia are thought to function as flow, osmo or chemosensors. Several Nephrocystins work together in different protein modules and a variety of different signalling pathways that also may contribute to the variable extrarenal organ involvement. Characteristically, histopathology in NPHP is characterized by tubular cysts, tubular atrophy, interstitial and periglomerular fibrosis, tubulo-interstitial infiltration and tubular basement membrane disruption. Periodic acid-Schiff (PAS) staining, magnification 20x.
reveals the characteristic molar tooth sign, which is due to cerebellar vermis aplasia/hypoplasia (Fig. 3 ). The prevalence of Joubert syndrome is approximately 1 in 100 000 livebirths and about 20-30% of these patients develop NPHP. In addition to pure Joubert syndrome, other clinical subgroups are described with the involvement of other organs such as liver (congenital liver fibrosis), eye (coloboma, retinal dystrophy) and bones (polydactyly, bone shortening). A combination of multiple organ involvement is possible as, for example, with cerebello-oculo-renal (COR) presentation. More than 20 genes have been identified that contribute to Joubert syndrome and about one-third of them also cause NPHP [44 && ].
Meckel-Gruber syndrome
Meckel-Gruber syndrome [OMIM #249000] is an extreme form of multiorgan involvement with NPHP. The affected patients frequently die in the perinatal period and are characterized by an occipital encephalocele, polydactyly, liver fibrosis and cystic kidney disease [45 && ]. [47, 48] . Jeune syndrome is characterized by rib cage narrowing, polydactyly and brachydactyly, and can include cystic kidney disease, liver disease and retinal degeneration. The rib cage narrowing in these patients can be quite severe, thus causing respiratory failure. Jeune syndrome is also known as asphyxiating thoracic dystrophy [49] . Jeune syndrome and cranio-ectodermal dysplasia have overlapping phenotypes with rib cage narrowing (usually milder than in Jeune syndrome), polydactyly and brachydactyly [48] . More prominent in patients with cranio-ectodermal dysplasia are dolichocephaly, pectus excavatum, and, in particular, ectodermal involvement with delayed tooth eruption, skin laxity, sparse, fine hair and slow growing nails. The features of Mainzer-Saldino syndrome are phalangeal cone-shaped epiphyses, retinal dystrophy and NPHP.
Situs inversus and congenital heart defects
Situs inversus and congenital heart defects occur mostly in patients with infantile NPHP. The most common congenital heart defect in this setting is ventricular septal defect [17] . So, how can all these different organs be associated with NPHP? Below, I will outline some of the different mechanisms that may explain the variety of associated symptoms with NPHP.
Primary cilia and ciliopathies
With the identification of Nephrocystin-2/Inversin and its colocalization with Nephrocystin-1 and btubulin in primary cilia, the pathogenesis of NPHP was linked for the first time to ciliary dysfunction. NPHP was included in a newly formed and growing class of diseases categorized as ciliopathies that also includes autosomal-dominant and autosomal-recessive polycystic kidney disease, Bardet-Biedl, Jeune, Joubert and Meckel-Gruber syndromes [50] . They are caused by defects in ciliary function or structure. As these patients frequently present with NPHP, they are classified as NPHP-related ciliopathies (NPHP-RC).
Almost all Nephrocystins so far are expressed in primary cilia of renal epithelial cells and other cell types [40, 50] . This led to the unifying theory of cystogenesis, which states that most proteins altered in cystic kidney disease are expressed in primary cilia, basal body or centrosomes of renal epithelial cells [50] . In contrast to motile cilia that contribute to locomotion and fluid movements, primary cilia are involved in sensation. The structure of the ciliary axoneme for primary cilia contains nine outer microtubule doublets (9 þ 0) and motile cilia contain an additional inner microtubule doublet (9 þ 2) [51] . Primary cilia are present in almost every vertebrate cell. Primary cilia are highly evolutionary conserved sensory organelles that can detect flow, optic, osmotic, chemo or olfactory stimuli among others [50, 52] . Nephrocystin-1 and 4 homologues were described in ciliated neurons of Caenorhabditis elegans [53] . In the mammalian kidney, primary cilia protrude antenna-like from the apical membrane of renal tubular cells into the lumen wherein they are thought to function as flow, osmo or chemosensors. Cilia are dependent on intraciliary protein transport, as there is no protein synthesis inside cilia (Fig. 4) . Required proteins are synthesized in the cytoplasm and pass the transition zone, which separates the cytoplasm from the ciliary axoneme. Inside the axoneme, they are transported along microtubules inside the cilium, a mechanism called intraflagellar transport (IFT) [48,54 & ]. Cargo-rafts are moved either by kinesin motors (anterograde transport) or dynein motors (retrograde transport) [55] . At the root of the cilium is the basal body from which the cilium is assembled [50] . The basal body derives from the mother centriole.
Primary cilia are thought to link the extracellular stimuli via the primary cilium to a variety of different cellular mechanisms, including epithelial cell polarity, planar cell polarity, cell-cycle control and different signalling pathways [40, 50] . Primary cilia are present in nearly all human cells, thus explaining the diverse organ involvement. For example, Inversin and Nephrocystin-3 are expressed during embryogenesis in the ventral node, which is critical for left-right axis determination, thus providing an association with situs inversus [17] .
Another prominent organ with a cilia-related structure is the photoreceptor, thus possibly explaining the association of retinitis pigmentosa with NPHP [42,43 && ]. The photoreceptor contains the rod outer and rod inner segments, which are connected by a structure called the connecting cilium (Fig. 5 ). The connecting cilium of the photoreceptor represents the structural counterpart of the primary cilium, and some authors call the rod outer segment the photosensitive cilium. The rod outer segment shares features with the primary cilium: both have sensory function and lack biosynthetic activity [43 && ]. Rhodopsin is synthesized in the rod inner segment and transported via the connecting cilium to the rod outer segment wherein it is sequestered in the light-sensing membranes. Accumulation of rhodopsin, transducin and other phototransducing proteins in the rod inner segment is associated with apoptosis of the photoreceptor. Nephrocystin-5, Nephrocystin-6 and Nephrocystin-10 are the most prominent Nephrocystins being expressed in the connecting cilium [21, 27, 56] . Dysfunctional Nephrocystin expression in the connecting cilium of these patients may contribute to the high frequency of retinitis pigmentosa in Nephrocystin-5 and Nephrocystin-10 patients with 100 and 80%, respectively. Nephrocystin-5 and Nephrocystin-6 were also found to directly interact and both interact with another crucial protein named retinitis pigmentosa GTPase regulator (RPGR) [21, 56] . Mutations in RPGR are responsible for X-linked retinitis pigmentosa. Hypomorphic NPHP6/ CEP290 mutations were found in approximately 20% of humans with Leber's congenital amaurosis [57] . Other Nephrocystins detected in the photoreceptor include Nephrocystin-1, 8, 11 and 12 [29, [58] [59] [60] . The sequence variant A229T in NPHP8/RPGRIP1L was also found to be associated with Leber's congenital amaurosis [61] . 
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Other extrarenal phenotypes such as hepatic fibrosis could also possibly be explained by expression of primary cilia in cholangiocytes [46] . Nephrocystin-3 is expressed in the biliary tract and liver during development and cilia-based signalling was found to be required for normal biliary and portal tract development [18] . NPHP11/TMEM67 is the most commonly involved Nephrocystin in patients with liver fibrosis [28] . Liver fibrosis is very prevalent in patients carrying two missense mutations in NPHP11/TMEM67.
Over the last few years, exciting insights have been gained regarding the pathogenesis of skeletal disorders associated with NPHP [47, 48] . The identified genes in these multiorgan disorders involving bone and kidney were consistent with the ciliary hypothesis. Primary cilia were also found in chondrocytes [50, 62] . Interestingly, all identified genes in patients with skeletal and renal involvement were members of the IFT. Mutations in two components of the ciliary anterograde (Complex B: IFT80, Nephrocystin-17/IFT172) and all six components of the retrograde transport (Complex A: IFT43, IFT121, IFT122, IFT139, IFT140, IFT144) were published for Jeune, cranio-ectodermal and Mainzer-Saldino syndrome (Fig. 4 , Table 3 
Protein modules
Different Nephrocystins are known to interact with each other and they are known to share colocalization in the primary cilium. In addition, there is awareness that other proteins involved with other ciliopathies are organized in large functional protein modules, as for example the BBSome [70] . Recent data from an extensive proteomics approach applying copurification showed that at least three different Nephrocystin modules were identified with Nephrocystins-1-4-8, Nephrocystins-5-6 and MKS-1-6 modules [71] (Fig. 6) . The Nephrocystin-1-4-8 module is mostly expressed in the ciliary transition zone and accumulates at cell-cell contacts. This module is thought to organize specialized structures at the apical surface and may participate in epithelial morphogenesis. The Nephrocystin-5-6 module also binds to the gene product of ATXN10, which was found to be mutated in JBTS with NPHP [71] . This module is localized in the basal body and is crucial for ciliogenesis. The MKS-1-6 module binds to Tectonic 2 (TCTN2) [71] . This module contains gene products that are involved in MKS or JBTS by causing impaired ciliogenesis and neural tube defects. Dysfunctional ciliogenesis disturbs Hh signalling, which results in embryonic neural tube dorsalization and polydactyly. The last module consists of Nephrocystins-2, 3 and 9 is expressed along the entire ciliary axoneme and bridges the three previous modules. It is tempting to think about these modules from the phenotype standpoint: both NPHP5/IQCB1 and NPHP6/CEP290 mutations cause retinitis pigmentosa in 100% of patients, the MKS1-6 module causes MKS and JBTS, and the bridging components Neph 
Signalling pathways
At least four different signalling pathways are associated with the pathogenesis of NPHP [5] . Inversin, Nephrocystin-3 and Nephrocystin-4 are thought to interfere with Wnt signalling [72] [73] [74] . Groundbreaking studies by Simons et al. [72] in cell culture and zebrafish showed that Wnt signalling is modified by tubular flow. Tubular fluid flow increased Inversin levels, which reduced cytoplasmic Dishevelled levels due to degradation resulting in a switch from canonical to noncanonical Wnt signalling. In the case of Inversin mutations, the balance of canonical to noncanonical Wnt signalling is disturbed towards a dominating canonical Wnt signalling pathway that disrupts apical-basolateral polarity of the renal tubular cells. Similar to Inversin, Nephrocystin-3 inhibits canoncical Wnt signalling, and Nephrocystin-4 also colocalizes with the final effector of the Wnt signalling pathway called b-catenin [73, 75] . Nephrocystin-4 is required for proper pronephros formation in zebrafish by suppressing the Wnt/b-catenin pathway [74] .
Another signalling pathway involved in the pathogenesis of NPHP is Hedgehog signalling [23] . Nephrocystin-7/GLIS2 was found to alter Hedgehog signalling. Altered Hedgehog signalling was also detected in a mutant Nephrocystin-6/cep290 mouse, which was found to be a viable model for Joubert syndrome [76 & ]. The Hedgehog pathway seems to be of particular importance regarding skeletal disorders. Although Indian hedgehog (Ihh) is crucial for endochondral ossification, Sonic Hedgehog (Shh) is required for patterning of the forming skeleton [77].
The Hippo pathway was found to be altered by Nephrocystin-4 and Nephrocystin-9/NEK8 [78,79, 80 & ]. Finally, NPHP9/NEK8, NPHP14/ZNF423 and NPHP15/CEP164 were identified as altering a highly conserved signalling pathway called DNA damage response signalling (DDR) [32,81 & ].
Oligogenicity
Single locus allelism has remained insufficient to explain the variability in penetrance and expressivity in ciliopathies. Digenic and triallelic inheritance could possibly provide an explanation. Triallelic inheritance was first demonstrated for BBS [82] . Here, a third mutated allele in a second NPHP gene may modify disease severity and extrarenal phenotypes. Similar to this scenario, a broad range of other diseases were found with homozygous NPHP6/CEP290 mutations and an additional heterozygous NPHP mutation in other Nephrocystin genes: Isolated NPHP and SLSN with an additional heterozygous NPHP4 mutation, in BBS or MKS with a heterozygous TMEM67/NPHP11 mutation and in JBTS with a heterozygous AHI1 mutation, which is known to cause JBTS when both alleles are affected [22, [83] [84] [85] [86] .
In addition to Nephrocystins such as NPHP1-4, NPHP8/RPGRIP1L, NPHP12/TTC21B, BBS4 and AHI1 were also shown to function as genetic modifiers of disease severity [29,61,87,88 & ,89-91] . NPHP12/ TTC21B may function as a genetic modifier of disease in approximately 5% of ciliopathy patients by increasing the mutational load.
CONCLUSION
The involvement of extrarenal organs with NPHP may be due to shared protein expression in the primary cilia of multiple tissues and shared Nephrocystin modules. Multiple Nephrocystins may interfere with the same signalling pathway as the Wnt, Hedgehog, Hippo and DDR signalling. These pathways are important for the development and maintenance of different organ systems. Current NPHP mutations account for approximately 30-40% of all NPHP-RC cases. This means that many other genes will be identified, which will provide us with novel insights in the future. 
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